All denitrifiers can keep the steady-state concentrations of nitrite and nitric oxide (NO) below cytotoxic levels by controlling the expression of denitrification gene clusters by redox signalling through transcriptional regulators belonging to the CRP (cAMP receptor protein)/FNR (fumarate and nitrate reductase regulator) superfamily.
Introduction
Nitric oxide (NO)-responsive regulators belong to three different subgroups of the CRP (cAMP receptor protein)/FNR (fumarate and nitrate reductase regulator) superfamily [FNR, DNR (dissimilative nitrate respiration regulator) and NnrR] and can control N-oxide homoeostasis under both anaerobic and aerobic conditions. The FNR-type share a cysteine-rich motif involved in the formation of an ironsulphur cluster as a redox centre, which is not present in the other two subgroups.
Most of the regulators involved in the regulation of denitrification, belonging to the DNR and NnrR subgroups, regulate nitrite reductase (nir), NO reductase (nor) and nitrous oxide reductase (nos) gene expression. The NO dependence of the transcriptional activity of promoters regulated by these transcription factors has suggested that these factors may act as NO sensors in vivo. To date, no structural information and little biochemical data are available on this class of regulators.
In order to gain insights into the molecular and structural basis of NO-dependent regulation, we have recently expressed in Escherichia coli and partially characterized the DNR protein from Pseudomonas aeruginosa.
NO-responsive elements belonging to the CRP/FNR superfamily of transcription factors
The expression of the denitrification gene clusters is tightly controlled by redox signalling through a cascade of oxygenresponsive regulators activating the N-oxide-responsive genes. These regulators control NO homoeostasis, maintaining the steady-state concentrations of nitrite and NO below cytotoxic levels; as a consequence, the free NO concentration is in the nanomolar range.
The denitrification pathway is transcriptionally regulated by redox-linked transcription factors mostly belonging to the CRP/FNR superfamily [1] , structurally related to the CRP protein from E. coli [2] . The CRP/FNR proteins are similar in size with approx. 230-250 amino acid residues, with the first 150-170 residues corresponding to the effector domain [1] . These regulators respond to both extracellular and intracellular signals by binding the allosteric effector either directly (as for cAMP in CRP from E. coli) or through a prosthetic group (as for the iron-sulphur cluster of FNR from E. coli) [3] . All members of this superfamily bind DNA via a C-terminal helix-turn-helix domain which interacts with the major groove of target DNA sequence, the FNR box (TTGATN 4 ATCAA) [1] .
Multiple members of these regulators, belonging to different subgroups, can either coexist in the same host or regulate the same metabolic pathway in different organisms [1] . This is the case for the regulators of denitrification and in general for NO-responsive components which belong to three different subgroups of the CRP/FNR superfamily (FNR, DNR and NnrR) and can control N-oxide homoeostasis under both anaerobic and aerobic conditions [1] . To date, no structural information and limited biochemical data are available for the last two subgroups involved in the regulation of denitrification, while the first one is well characterized. In E. coli, as an example, nitrosative stress induces expression of the flavohaemoglobin protein, encoded by the hmp gene, which acts as a NO scavenger. The hmp gene expression requires the FNR protein, which is a repressor under normal conditions; in the presence of NO, the [4Fe-4S] 2+ cluster is converted into the [2Fe-2S] 2+ state, inducing monomer formation in the FNR protein [4] . The FNR form modified by NO binds the hmp promoter with lower affinity, inducing flavohaemoglobin expression.
The DNR-type of transcription regulators
All members of the DNR subgroup share the same motif (EXXSR) involved in recognition of the binding site on DNA, while most members of the NnrR subgroup contain a histidine instead of a glutamate residue. Both groups of regulators (DNR and NnrR) do not contain enough cysteine residues for iron-sulphur cluster formation, contrary to FNR, suggesting a different mechanism of N-oxide(s) sensing.
Members of both the NnrR and DNR subgroups are found in facultatively anaerobic bacteria; the transcriptional regulation is exerted in the presence of N-oxide(s) and under low oxygen tension. In Rhodobacter sphaeroides and in Paracoccus denitrificans for example, it was shown, by genetic approach, that the transcriptional regulators designated respectively as NnrR (belonging to the NnrR-type) and Nnr (belonging to the DNR subgroup) can both activate the expression of the nitrite and NO reductase genes in response to NO [5, 6] .
The members of the DNR-type class of regulators found in Pseudomonas spp. [7, 8] share a high sequence identity (Figure 1 ) but may not fulfil an identical physiological role. This is not surprising given that Pseudomonads are well known for their metabolic flexibility which reflects the capability of the different species to survive as free living organisms in soil, water and animals, where they are often responsible for diseases.
In Pseudomonas stutzeri, there are at least three regulators (DnrD, DnrS and DnrE) involved in the NO sensing (DnrD), activation of the nitrate pathway (DnrE) and possibly in redox sensing (DnrS) under anaerobic conditions [1] .
The DnrD transcription factor induces the expression of nirSTB, norCB and nosZ operons (encoding nitrite, NO and nitrous oxide reductases respectively) in the presence of NO but not nitrite (the nos gene is also activated in the presence of high concentrations of nitrous oxide). The NO concentration required for the nir-nor operons activation is in the range 5-50 nM [8] . DnrD overexpression itself is not sufficient for the transcription of the nir-nor operons, indicating that additional factors may be required [8] .
NO sensing in Ps. aeruginosa
Ps. aeruginosa is one of the most important pathogens in lung chronic infections associated for example with cystic fibrosis, where it uses denitrification as the anaerobic energy producing pathway [9] . Low oxygen tensions and the presence of N-oxides produced by the host defence mechanism induce high levels of expression of nir-nor operons [9] . Under anaerobic conditions, the denitrification pathway works both as a source of electrons and as an NO scavenger, given that the classical flavohaemoglobin-mediated detoxification pathway is not active [10] .
The induction of denitrification by oxygen depletion requires ANR (anaerobic regulation of arginine deaminase and nitrate reduction), an FNR-like global regulator for anaerobic gene expression in Ps. aeruginosa [11] . ANR induces the expression of the DNR protein (dissimilative nitrate respiration regulator, belonging to DNR subtype), which activates, in the presence of N-oxide(s), the nirS, norCB and nosR promoters [7, 12, 13] . Mutants without the anr or dnr genes are not able to induce nirS and norCB promoters under growth conditions where denitrification should be active [12] . anr defective strains are not able to activate the transcription of the dnr gene but denitrification can be induced after transformation with a plasmid carrying the dnr gene [7] . DNRmediated transcriptional activation of denitrification depends on endogenous NO concentration [13, 14] .
The sequence alignment shown in Figure 1 clearly indicates a higher degree of similarity of DNR from Ps. aeruginosa to DnrD, in agreement with the involvement of DNR in NO sensing. Given that only one DNR-type regulator is found in the Ps. aeruginosa genome, in this pathogen the roles of DnrE and DnrS might be played by different factors.
In order to study the biochemical basis of the NO-dependent regulation of the DNR protein, after cloning the dnr gene from Ps. aeruginosa, we have purified to homogeneity the protein expressed in E. coli using the pET system [15] . The recombinant protein, produced in high yield (15 mg/l), is soluble and stable as a dimer [15] .
To obtain some insight into DNR structural organization, ANS (8-anilinonaphthalene-1-sulphonic acid) titrations were performed [15] . DNR has a hydrophobic pocket which is more accessible as compared with E. coli CRP (K d DNR = 7 µM and K d CRP = 600 µM), suggesting that DNR may present a different structural organization of the effector domain. This hydrophobic cleft is a likely candidate for the binding of the cofactor(s) required for NO-mediated activation of the DNR protein.
DNA binding assays, crystallization and structure determination of DNR, now in progress, will shed more light on the structural determinants of the NO-dependent activation process.
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